ABSTRACT: Nanomaterial-based photothermal therapy has shown great potential for efficient cancer treatment. Here, we report a new hyperthermia agent, Au−silica nanowire nanohybrid (Au-SiNW nanohybrid) with tunable optical properties, for photothermal therapy. The unique feature of the synthetic method is no need of surface modification of SiNWs for the direct deposition of Au seeds, which can avoid complicated synthetic procedures and improve the reproducibility. The Au-SiNW nanohybrid can generate significant amount of heat upon irradiation in the near-infrared (NIR) region for inducing thermal cell death. Moreover, compared to reported hyperthermia nanomaterials, the new nanohybrid requires a much lower laser irradiation density of 0.3 W/cm 2 for destroying cancer cells. A549 lung cancer cells were used for in vitro photothermal study. The nanohybrid showed excellent in vitro biocompatibility by using a 96-nonradioactive-cell proliferation assay. Even at a high concentration of 0.500 mg/mL nanohybrid, over 80% cells were alive. In contrast, almost all the cells were killed when NIR irradiation was applied at a concentration of 0.100 mg/mL nanohybrid. The Au-SiNW nanohybrid may become a promising hyperthermia agent.
INTRODUCTION
Core−shell nanohybrids made from a metal shell possessed tunable optical properties. 1−4 The most notable optical feature of such nanohybrids is the surface plasmon resonance absorption. Based on the core dimensions and the shell thicknesses, their plasmon resonances can be obtained continuously from ultraviolet to infrared regions of the electromagnetic spectrum, including the near-infrared (NIR) region. 5, 6 In the NIR region, light transmission in tissues is much higher than that in the UV−vis region due to low light scattering and absorption from intrinsic chromophores. This resulted in low-energy absorption of NIR light by normal tissues and thus limited damage to normal biological tissues while selectively killing cancer cells based on specific targeting of cancer cells using recognition reagents on the surface of nanohybrids. 7−9 Among various metal shells, gold nanoshells are of special interest due to their inertness in biological medium, good biocompatibility, and easy bioconjugation. 10−15 Therefore, gold nanoshells have attracted noticeable attention in a broad range of applications, including optical communications, biological systems for medical imaging, diagnostic and therapeutic applications, etc. 16−19 A number of materials have been used for making a core of core−shell nanohybrids. 20−23 Recently, gold shells with various shapes of silica cores have been successfully constructed for Raman and fluorescence signal enhancing and drug delivery. 2,24−28 Silica nanomaterials have shown great promise in various fields due to their unique physical and chemical stability, large surface area, and well-established surface modification. 29−32 Moreover, the gold shell−silica core nanohybrids with a strong NIR absorption could convert photo energy into cytotoxic heat upon NIR laser irradiation. Thus, gold shell−silica core nanohybrids have been considered as hyperthermia agents for photothermal therapy (PTT). 14 However, most of these photothermolysis studies require high laser power irradiation to destroy cancer cells. A common range of this power, 1.5−48.6 W/cm 2 , 33−36 is higher than the maximal permissible exposure (MPE) of skin per ANSI (American National Standard for Safe Use of Lasers) regulation (e.g., 0.4 W/cm 2 at 850 nm). 37 Therefore, it is highly needed to design more efficient and safer photothermal materials.
Silica nanowires (SiNWs) are relatively new silica nanomaterials and have attracted great attention due to their unique physical and chemical stability and efficient photoluminescence emission. 38, 39 Meanwhile, the SiNWs have stimulated considerable interests in making biological and environmental sensing devices owing to their large surface area, high loading capacity for large molecules, excellent reservoir characteristics, and the well-established protocols for surface modification of silica with bioselective coatings. 40, 41 For example, Ramgir et al. applied SiNW as an effective template for the real-time detection of potential lung cancer biomarkers (interleuking-10). Because of the high surface-to-volume ratio, the SiNWs greatly enhanced the loading of a specific capture antibody toward a particular cancer antigen, resulting in a low detection limit down to 1 fg/ mL in ideal pure solution and 1 pg/mL in clinically relevant samples. 42 In this work, SiNW was used as a core to make the core− shell nanohybrid. With the modification of numerous gold nanoparticles (AuNPs) on the surface of SiNWs, we found that this new type of nanohybrid material had strong absorption in the NIR region and can efficiently generate heat under NIR irradiation. Remarkably, a much lower laser power irradiation, 0.30 W/cm 2 , lower than the MPE of skin, was enough for photodestruction of cancer cells in vitro by applying the AuSiNW nanohybrids. The optimal conditions of the Au-SiNW nanohybrids as hyperthermia agents for photothermal cancer therapy were studied. Our results demonstrated that this new nanohybrid could be a potential candidate for new photothermal materials. A Hitachi SU8010 field emission scanning electron microscope (SEM) was used to take images of the developed nanohybrids. The elemental analysis of the nanohybrids was achieved by performing energy-dispersive X-ray spectroscopy (EDS) measurements using an Oxford X-Max EDS that is attached to the Hitachi SU8010 field emission SEM. A Shimadzu UV−vis spectrophotometer was used to measure sample absorbance. The size of Au seed was measured using a Zetasizer (Marlwen, model of Nano-ZS). A BWF1 series fiber-coupled diode laser system (750 mW at 808 nm) from B&W TEK Inc. was used for photothermal effect study. A SK-1250MC electronic thermometer was purchased from Sato Keiryoki MFG. CO., Ltd.
EXPERIMENTAL SECTION
2.2. Synthesis of Silica Nanowires (SiNWs). An efficient approach to synthesize SiNWs has been developed in our lab. In a typical synthetic process, 3.00 g of PVP was completely dissolved in 30.00 mL of 1-pentanol under the sonication of 20 min. After mixing the PVP with 1-pentanol, a 3.00 mL aliquot of 95% ethanol, 0.84 mL of H 2 O, 0.20 mL of 0.17 M Na 3 Ct, 0.30 mL of NH 4 OH, and 0.30 mL of TEOS were added in succession. The mixed solution was well shaken. The reaction was allowed to proceed overnight at room temperature. The synthesized SiNWs were centrifuged at the speed of 6500 rpm for 30 min and then washed three times by ethanol. Finally, the SiNWs were dissolved in water to prepare a 10.00 mg/mL SiNWs stock solution. For the synthesis of Ru(bpy) 3
2+
-doped SiNWs, the addition of 0.84 mL of H 2 O was replaced with 0.84 mL of 0.001 M Ru(bpy) 3 2+ and then followed the same procedures. 2.3. Preparation of Au Seeds. The gold layer growing method has been well studied in our group. 28 Before growing the gold layer on the surface of SiNWs, Au seeds were synthesized based on a literature method. 43 In a typical Au seed synthesis, 4.00 mL of 1.00% HAuCl 4 solution was added into 100.00 mL of water in an ice bath, followed the addition of 0.50 mL of 0.20 M K 2 CO 3 . The solution was stirred for 10 min until the color turned from bright yellow to colorless (or light yellow). A 5.00 mL aliquot of 0.50 mg/mL NaBH 4 solution was then slowly added to the above solution. The formation of reddish solution indicated the successful synthesis of Au seeds. The prepared Au seeds were kept in a refrigerator at 4.0°C for future use.
2.4. Gold Layer Growth. A 1.00 mL aliquot of 10.00 mg/mL SiNW solution was dropwise added into 40.00 mL of Au seeds and allowed to react for 10 min under vigorous stirring. Surplus Au seeds were removed by centrifugation at a speed of 6500 rpm for 10 min, and then the supernatant was carefully removed. The purplish red precipitate was Au seed-modified SiNWs and was resuspended into 10.00 mL of water. The gold growth solution consisted of 2.00 mL (or 0.50, 1.00, or 4.00 mL) of 1.00% HAuCl 4 and 0.025 g of K 2 CO 3 in 90.00 mL of water. The growth solution was vigorously stirred until it turned to light yellow or colorless. A 10.00 mL aliquot of presynthesized Au seed-modified SiNWs was added into the growth solution, followed by the addition of 1.00 mL of 0.50 M hydroxylamine hydrochloride. Then, 1.00 g of PVP was added into the above solution to stabilize the nanohybrids. After an overnight stirring, the solution was centrifuged at a speed of 6500 rpm for 15 min and washed three times by ethanol.
2.5. Au Seed Coating on Calcination-Treated SiNWs. The SiNWs synthesized from section 2.2 were calcinated at 400°C for 4 h to move the PVP molecules. The calcination-treated SiNWs were then dissolved in water to prepare a concentration of 10 mg/mL solution. A 1.00 mL aliquot of 10.00 mg/mL calcination-treated SiNW solution was dropwise added into 40.00 mL of Au seeds and allowed to react for 10 min under vigorous stirring. The solution was then centrifuged at a speed of 6500 rpm for 10 min, and the supernatant was removed.
2.6. Cell Proliferation Assay for Studying Cytotoxicity of the Au-SiNW Nanohybrids. The cytotoxicity of the Au-SiNW nanohybrids was investigated using (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, a cell proliferation assay). 44 Three different cancer cells, including human alveolar epithelial A549, SW620, and KW12C cells, were cultured onto a 96-well plate at 37°C for 24 h. Then, each well was added 10.00 μL of MTT reagent with a final concentration of 1.00 μg/mL. The cells were further incubated at 37°C for 4 h until the purple-color developed. Afterward, 100.00 μL of stop solution (10% DMSO, 10% SDS in 50 mM HEPES buffer) was added into each well, and the cells were continuously incubated overnight at 37°C. The absorbance of each well was recorded at 560 nm to determine the cell proliferation rate.
2.7. Vybrant Apoptosis Assay. Cell apoptosis and necrosis were detected using the Vybrant apoptosis assay. A549 cells were precultured in a DMEM culture medium overnight, and the final cell number was ∼1 × 10 5 /well. Then, a final concentration of AuSiNW nanohybrids varying from 0.100, 0.050, 0.025 to 0.010 mg/mL was obtained in each well of the plate. The cells were incubated at 4°C for 30 min and then at 37°C for 2 h. Next, the cells were treated with an 808 nm laser irradiation for 20 min. The cells were washed three times using a fresh cell culture medium and then treated with the fluorescence probe, propidium iodide (PI) and YO-PRO-1 dyes (Vybrant apoptosis assay kit), for 10 min. 45 The cells were observed immediately under a Zeiss confocal fluorescence microscope. The population separated into three groups: live cells with no fluorescence signals, apoptotic cells with high green fluorescence, and necrotic cells with red fluorescence.
RESULTS AND DISCUSSION
3.1. Synthesis of Au-SiNW Nanohybrids. 3.1.1. Au Seed Modification. We first developed a relatively simple method to coat a gold layer on a silica matrix to synthesize the Au-SiNW nanohybrids. The gold layer decoration on the surface of SiNWs was accomplished through a two-stage deposition process. The first step was the seed deposition, and the second was the seeded growth. The unique feature of this method was to directly deposit Au seeds onto the surface of SiNWs without any surface modification in the seed deposition step. Surface modification in the process of Au-seed deposition was highly required in most published methods, which constituted complicated synthetic procedures and low reproducibility. 37, 38 This step was completely eliminated in our method. The diameter of synthesized Au seeds was measured to be 9.7 ± 1.6 nm using a particle size analyzer. The seed deposition was obtained by simply mixing the Au seeds and the SiNW solution for 10 min and an evenly deposited Au seed layer formed on the surface of the SiNWs ( Figure 1A) .
The mechanism of the Au seed direct deposition on the SiNWs was studied. The presence of PVP on the SiNWs was a key factor. As described in section 2.2, PVP was added during the synthesis of SiNWs as a surfactant and stabilizer to form the PVP−water droplets in the microemulsion. The hydrolysis and polymerization of TEOS occurred in the interface of PVP− water droplets and oil phase. With continuous reaction, the PVP−water droplet moved to one end and the silica continued to grow along this direction and resulted in an ultralong SiNW ( Figure 1B) . Although a few times of washing were employed after the synthesis of SiNWs, the PVP was not completely washed away. As well studied, PVP was adsorbed to a broad range of materials including metals (e.g., gold, silver, and iron), metal oxides, silica, etc. 46, 47 Thus, the remaining trace PVP used in the synthesis of SiNWs provided the Au seeds with an easy deposition on the SiNW surface.
Two experiments were conducted to confirm the PVP function on this Au seed direct deposition. In the first experiment, we compared our SiNWs with the pure silica nanoparticles that were synthesized with a similar procedure but without the addition of PVP ( Figure 1C) . When mixing the silica nanoparticles with the Au seeds, few or no Au seeds were decorated on the surface of silica nanoparticles (Figure 1D) , showing the crucial role of PVP. The Au seed-decorated SiNWs were then used to nucleate the growth of a gold layer. With the addition of a reducing reagent, hydroxylamine hydrochloride, the Au seeds grew to form a uniform Au layer in the presence of HAuCl 4 .
In the second experiment, the synthesized SiNWs were treated in a calcination process at 400°C for 4 h. It has been well-studied that PVP molecules can be removed at high temperature. The calcination-treated SiNWs were then stirring with Au seeds (as described in section 2.5). As shown in Figure  2 , no Au seeds were coated on the surface of SiNWs due to the absence of PVP. Both of these two experiments prove the importance of PVP on the deposition of Au seeds on the SiNW surface.
3.1.2. Tune the Plasmon Resonance Band of the Nanohybrid to the NIR Region. We were able to tune the plasmon resonance band of the nanohybrid to the NIR region by systematically increase the thickness of the AuNP layer on the SiNWs. Figure 3E . When 4.0 mL of 1% HAuCl 4 was used in the Au growth solution, the size of the AuNP increased to 57.3 ± 16.9 nm. The morphology of AuNPs on the surface of SiNWs became more irregular shape rather than a spherical shape with the increasing of HAuCl 4 amount. To further identify the formation of AuNP layer, the resultant nanohybrids were analyzed using the SEM-EDS elemental analysis. A representative EDS spectrum was presented in Figure 3F . As expected, Au peaks were observed in the spectrum confirming the existence of gold element. Apart from Au signals, the spectrum also showed Si and O signals (from SiNWs) and Cu signal (from the copper grid).
The plasmon resonance band of the nanohybrid was tuned to the NIR region when the AuNP size increased to certain value ( Figure 4) . The freshly prepared Au seeds showed a peak around 514 nm (Figure 4a ) which is consistent with the literature. 48 Upon the attachment of Au seeds on the surface of SiNWs before the addition of growth solution, the plasmon band appeared at 520 nm (Figure 4b) , which was slightly redshifted compared to that of free Au seeds (514 nm). The absorption peak of Au-SiNW nanohybrids increased with the size changes of AuNPs on the surface of SiNWs (Figure 4c−f) . With a thicker gold layer, the absorption peak red-shifted toward the NIR region and the peak shape became broader. The broad absorption in the NIR region suggested that the AuSiNW nanohybrids would be suitable for photothermal therapy. In the NIR region tissues and biological samples have the minimum light absorption, and thus the irradiation has low influence on normal cells. However, pure SiNWs showed little or no NIR absorption (Figure 4g ). Although the sample with the thickest gold layer (57.3 ± 16.9 nm) had the highest absorption at 808 nm (Figure 4b) , a large number of free AuNPs were obtained besides the Au-SiNW nanohybrids. Therefore, the Au-SiNW nanohybrids used in the following work were synthesized by adding 2.00 mL of 1.00% HAuCl 4 to form a gold layer thickness of 24.0 ± 5.2 nm. Moreover, the Au-SiNW nanohybrids showed excellent stability. After storing over one year, the nanohybrids still showed strong NIR absorption which is comparable to the original intensity and well-dispensability ( Figure 5 ).
Concentration Effect of Au-SiNW Nanohybrids on Plasmon
Resonance. The concentration of nanomaterials usually affects their plasmon resonance absorption intensity. Thus, we first investigated light absorption capabilities of the nanohybrids under various concentrations. The spectra shown in Figure 6A indicated that the concentration dependent nature of the nanohybrids. As the concentration increased from 0.00625 to 0.200 mg/mL, the absorbance at 808 nm raised from 0.0533 to 1.3066. It gave a good linear correlation (R 2 = 0.9983) between the absorbance at 808 nm and the concentration of Au-SiNW nanohybrids ( Figure 6B ). Overall in the NIR region the nanohybrids exhibited strong optical absorption even at low concentrations. As a comparison, we tested pure absorption ability of SiNWs. Their absorption in the NIR region was much weaker ( Figure 6C ). For example, the absorbance of Au-SiNW nanohybrids reached 0.67 at a concentration of 0.100 mg/mL while only 0.03 for pure SiNWs at the same concentration.
3.3. Photothermal Capability of the Nanohybrids. Because of their high absorption in the NIR region, the AuSiNW nanohybrid aqueous solution was irradiated with an 808 nm NIR laser at a power density of 0.30 W/cm 2 to study its heat releasing. Four controls were used including water, cell medium, pure AuNPs, and pure SiNWs. As shown in Figure 7 , no obvious temperature increase was observed for these four controls, indicating a low degree of temperature elevation. In contrast, the Au-SiNW nanohybrids showed a rapid rise in temperature upon exposure to the laser after a short time period of 10 min and reached a plateau after 20 min of irradiation. A higher concentration of Au-SiNW nanohybrids displayed a sharper temperature increase. Moreover, the photothermal effect was also studied by using gold coated on silica nanoparticles (Au-SiNP nanohybrids) to compare the temperature increasing ability. From the obtained results, a higher temperature increasing was achieved when Au-SiNW nanohybrids were used. For example, the temperature can increase to 38.3 and 43.7°C in the presence of 0.05 and 0.1 mg/mL of Au-SiNW nanohybrids, respectively but only increased to 36.8 and 42.4°C when the two same concentrations of Au-SiNP nanohybrids were used (data not shown here). These data indicated that the Au-SiNW nanohybrids can act as an efficient photothermal mediator.
3.4. Biocompatibility of the Au-SiNW Nanohybrids. The biocompatibility of the nanohybrids to living systems was examined prior to applying the nanohybrids to in vitro phototheramal therapy. A cell proliferation assay (MTT assay) that can detect cellular toxicity was performed to carry the biocompatible evaluation. Because of the presence of PVP in the nanohybrids, we first studied the toxicity of PVP to A549 cancer cells. Different concentrations of PVP solution ranging from 0, 0.5, 1.0, 2.0, 5.0, to 10.0% were studied (Figure 8 ). Even at high concentrations (5.0 and 10.0%), the cell viability were 84% and 77%, respectively, indicating a good biocompatibility of PVP.
We then studied the biocompatibility of this novel nanohybrid with other three cancer cells, including A549 cells, SW620, and KW12C. Take A549 cells as the example. Different concentrations of the nanohybrids, from 0, 0.010, 0.025, 0.050, 0.075, 0.100, 0.250 to 0.500 mg/mL, were added to A549 cells in a 96-well plate and incubated for 24 h at 37°C. After this time period, the effect on cell viability was measured as shown in Figure 9 . The cell viability decreased as the concentration of Au-SiNW nanohybrids gradually increased from 0.010 to 0.500 mg/mL, showing a concentrationdependent nanotoxicity trend. For example, at a low nanocomposite concentration (≤ 0.100 mg/mL), Au-SiNW nanohybrids had no discernible cell cytotoxicity according to the Student t-test (p > 0.05). The cell viability was decreased to 80% compared to the untreated control group when high concentrations, 0.250 and 0.500 mg/mL, of Au-SiNW nanohybrids were used.
It showed similar trends in the other two cancer cells, including KW12C and SW620 ( Figure 10 ). As the toxicity observed in these assay was not dramatic, these results demonstrated that the excellent biocompatibility of Au-SiNW nanohybrids would be promising.
3.5. In Vitro Photothermal Therapy Application of the Nanohybrids. An important feature of the Au-SiNW nanohybrids is the NIR-induced thermal effect. As demonstrated in section 3.3, the Au-SiNW nanohybrids irradiated by NIR laser clearly elevated the temperature of the solution. This type of nanocomposite could absorb NIR irradiation and then converted the absorbed energy into heat and generate localized hyperthermia. This unique property brought a potential application of the nanohybrids to destroy cancer cells by NIR irradiation on a localized tumor area. To test this potential, we conducted an in vitro application of Au-SiNW nanohybrids for photothermal therapy. The Vybrant assay that can distinguish apoptosis and necrosis was used to investigate the PTT effects since apoptosis is considered to be preferred responses among different mechanisms of inducing tumor cell death. 49 Two dyes, the green fluorescent YO-PRO-1 and red fluorescent propidium iodide (PI), were used in the assay. YO-PRO-1 dye can stain apoptotic cells by penetrating cytoplasm membrane while PI only penetrates nuclear membrane and thus staining necrotic cells. Therefore, the combination of YO-PRO-1 and PI can provide a sensitive indicator for apoptosis detection.
A549 cells were treated with Au-SiNW nanohybrids with different concentrations varying from 0, 0.010, 0.025, 0.050, to 0.100 mg/mL for 2.5 h, followed by irradiating with an 808 nm laser for 20 min. YO-PRO-1 and PI dyes were then added to stain the cells for 10 min. Apoptotic cells showed green fluorescence, whereas necrotic cells showed red fluorescence. As shown in Figure 11a , A549 cells treated by 0.100 mg/mL of Au-SiNW nanohybrids but without the treatment of NIR light irradiation resulted in no necrotic or apoptotic cells detected. By treating A549 cells with both 0.100 mg/mL Au-SiNW nanohybrids and NIR light irradiation, significant apoptosis was induced and stained with the green color (Figure 11b) . Although the concentration of Au-SiNW nanohybrids decreased to 0.050 mg/mL, most of the cells were dead after NIR irradiation (Figure 11c) . Moreover, green fluorescence was the dominant color (albeit red color staining for necrotic cells were also observed), indicating that apoptosis was the primary mechanism of cell death. Further decreasing the concentration of Au-SiNW nanohybrids resulted in reduced cell death (Figure  11d,e) . These results clearly showed a typical concentrationdependent PTT effect (Figure 11b−e) . As a control, no apoptosis or necrotic cells were detected when A549 cells were only treated by the NIR light in the absence of Au-SiNW nanohybrids (Figure 11f) .
MTT experiments were also conducted to quantitatively study the effect of the nanohybrids and NIR irradiation. As shown in Figure 12 , with the treatment of NIR irradiation and the increasing concentration from 0.01, 0.025, 0.05, to 0.1 mg/ mL, the cell viability decreased to 76.0%, 51.2%, 39.7%, and 27.1%, respectively. However, with the addition of nanohybrids or the treatment of NIR irradiation, no obvious change was observed. These data suggested that only the combination of Au-SiNW nanohybrids and NIR light irradiation can lead to cell death, which was consistent with the results from confocal images.
Considering the relative large size of SiNWs, we also studied the uptake ability of SiNWs by the cancer cells, Ru(bpy) 3 2+ was chosen to be doped in the matrix of SiNWs and the emitted fluorescence from Ru(bpy) 3 2+ -doped SiNWs can trace the location of the nanohybrids when incubated with A549 cells. A series of Z-stack confocal fluorescence images ( Figure 13) showed strong fluorescence intensity, indicating the successful uptake of the Ru(bpy) 3 2+ -doped SiNWs by the cells.
CONCLUSIONS
In summary, a novel nanomaterialAu-SiNW nanohybrid was synthesized with controllable sizes of AuNPs on the surface. This new nanocomposite exhibited strong surface plasmon resonance absorption due to the growth of a gold layer on the surface of SiNWs. The absorption of Au-SiNW nanohybrids can be tuned from the visible to the NIR region simply by changing the amount of HAuCl 4 in the gold growth solution. This nanocomposite was found to have excellent biocompatibility. Combining the intrinsic properties of both SiNWs and gold layer, the nanocomposites showed significantly improved photothermal cell destroying efficacy even at a low laser power density of 0.3 W/cm 2 . These findings indicate that the nanocomposite may be a promising candidate for phototherapeutic cancer therapy. 
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